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Abstract
The conversion of model waste plastic mixture into high-value liquid product was studied in the presence of hydrogen and 
composites of zeolite beta catalysts. For the sake of comparison, the conversion of actual waste plastic mixture and high-
density polyethylene was also carried out. The composite zeolite beta catalysts were synthesized using a range of silica-to-
alumina ratios, alkali concentrations, and hydrothermal treatment times. SEM, EDX, XRD,  N2-BET, FTIR, and py-FTIR were 
used for the characterization of the catalysts. The catalytic experiments were conducted in a 500 ml stirred batch reactor at 
20 bar initial cold  H2 pressure and the temperature of the reaction was varied between 360 and 400 °C. The two composite 
catalysts, BC27 and BC48, prepared without alkali pretreatment were found to be the most suitable catalysts. With BC27 
and BC48 at 400 °C, 93.0 wt% conversion was obtained with actual plastic mixture and the liquid yield exceeded 68.0 wt%. 
Experiments with the regenerated catalysts showed their performance comparable to the fresh catalysts.
Keywords Chemical recycling · Plastic conversion · Waste plastic · Zeolite beta · Composite catalyst
Introduction
Conventional methods used for the disposal of plastic wastes 
such as landfilling and incineration are not desirable from 
the environmental viewpoint. Landfilling ends in the accu-
mulation of a large volume of plastic waste over an extended 
period of time [1, 2]. Not only is landfilling an environmen-
tal burden, but it also wastes the useful energy contents of 
the plastics [1, 3–5]. Incineration, on the other hand, results 
in the emissions of toxic pollutants into the environment 
[3, 4, 6–9]. Chemical recycling of plastic wastes into func-
tional products is perhaps the most preferred method of 
waste plastic management [10‒13]. In one of the chemical 
recycling methods, the waste plastics are converted, in the 
presence of hydrogen, into high-quality liquid fuels. The 
long-chain plastic molecules are transformed into smaller 
more useful products of gasoline and diesel range [5]. The 
efficiency of this hydroconversion or hydrocracking process 
is further enhanced by the use of a catalyst that consider-
ably reduces the process reaction temperature, while increas-
ing the selectivity of the products. In the literature, various 
catalytic materials are used for the hydrocracking of plastic 
materials. Several researchers employed zeolites including 
HZSM-5 [10, 14–21], HY [10, 22], and HUSY [23‒25]. 
These zeolite catalysts showed quite favorable activity, 
but the product obtained comprised mostly gases pertain-
ing to the microporous nature of these catalysts [26, 27]. 
The catalysts that contain mesopores such as Al-SBA-15 
[28], Al-SBA-16 [25, 28, 29], and Al-MCM-41 [10] are 
also used in the literature though by only a few researchers. 
The mesoporous catalysts demonstrate excellent diffusion 
of heavier molecules and the product obtained consists of 
higher liquid contents. However, mesoporous catalysts show 
weak cracking ability due to their weak acidic nature [30, 
31]. A micro-mesoporous composite catalyst is, therefore, 
considered to accommodate the advantages of each of the 
two microporous and mesoporous characters. The combina-
tion provides the initially cracked large polymer segments 
an easy access to the active sites of the catalyst and thereby 
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increases the activity of the microporous zeolite. Moreover, 
mesopores allow the large molecular weight molecules to 
reach in the gas phase as reaction product. A more liquid 
containing and more useful product is thus resulted. Com-
posites of mesoporous catalysts with zeolite nanoseeds, for 
the plastic hydrocracking, are used by Munir and Usman [28, 
29]. However, the results obtained over these catalysts were 
not satisfactory. Composites of zeolites can also be prepared 
by introducing mesoporosity in the preformed (previously 
synthesized) zeolites. This approach was used in our previ-
ous work for the synthesis of micro-mesoporous composites 
of commercial HUSY with SBA-16 [25]. The composites 
of USY catalysts showed promising results and demanded 
additional study over the composites of other zeolites.
In the present work, commercial zeolite beta 
(CP811C300) is used for the synthesis of micro-mesoporous 
composite catalysts. Zeolite beta is a large pore crystalline 
aluminosilicate material. Its highly acidic nature and distinct 
pore structure make it able to be applied in fluid catalytic 
cracking [32], hydroforming [33], etc. In the current study, 
zeolite beta and its in-house synthesized composite catalysts 
are used for the catalytic hydrocracking of model waste plas-
tic mixture, HDPE, and actual waste plastic mixture. Addi-
tional experiments are performed for the evaluation of cata-
lyst stability. To our knowledge, these types of catalysts have 
never been used for the catalytic hydrocracking of plastics.
Experimental
Materials
Commercial zeolite beta catalyst (CP811C300) was obtained 
from Zeolyst International. Both virgin and waste plastic 
materials were used for the cracking reactions. Virgin plas-
tics such as high-density polyethylene (HDPE, ρ = 0.952 g/
cm3), low-density polyethylene (LDPE, ρ = 0.918 g/cm3, 
MP = 100–125 °C), polypropylene (PP, MW = 250,000 g/
mol, ρ = 0.9 g/cm3), and polystyrene (PS, MW = 192,000 g/
mol) were obtained from Sigma-Aldrich. Waste plastics such 
as HDPE (shampoo bottles washed, cleaned, and dried), 
LDPE (unused plastic bags used for shopping), PP (unused 
boxes used for takeaways), and PS (unused tea cups), all 
were procured from the local market.
Catalyst preparation
8.28 g of a mixture of pluronic F-127 (Sigma-Aldrich) and 
pluronic P-123 Sigma-Aldrich) was added into 1 M HCl 
solution and the solution was stirred for 3 h. 0.1063 g of 
 NH4F (≥ 98.0% purity, Sigma-Aldrich) was then added into 
the solution. Separately, 1.5 M NaOH solution was prepared 
and 3.7 g of powdered zeolite beta (CP811C300, Zeolyst) 
was added to it and the solution was stirred for 1 h at 60 °C. 
A third solution was prepared by adding 4.9 g of aluminum-
isopropoxide (AIP, ≥ 98.0% purity, Sigma-Aldrich) into 1 M 
HCl solution. The resulting solution was stirred for 4 h at 
room temperature to have a homogeneous solution. The first 
two solutions were collected together and the produced solu-
tion was stirred continuously for 15 min. 40 g of tetraethyl-
orthosilicate (TEOS, 98.0% purity, Sigma-Aldrich) was then 
added into this solution. The solution was again stirred for 
4 h at 50 °C. After that, the third mixture was poured into it 
and the final mixture was then continuously stirred for 24 h. 
For the hydrothermal treatment, the mixture was charged 
into a stainless steel autoclave and crystallized at 110 °C 
in an oven for 27 h. The autoclave was lined with Teflon to 
avoid any interaction of the stainless steel with the mixture 
contents. Before transferring the mixture to the autoclave, 
the pH value of 4.0 was adjusted. Ammonia solution (33.0% 
 NH3, Riedel-de-Haën) was used to regulate the pH of the 
mixture. The final product was centrifuged while washing 
several times with doubly distilled water. The product was 
then dried in an oven for 20 h at 100 °C and later calcined 
in a muffle furnace for 5 h at 600 °C, with a heating ramp of 
2 °C/min. The synthesized catalyst had a sodium form. To 
achieve the proton form, the ion-exchange procedure was 
performed. This procedure was done by stirring the cata-
lyst in 100 ml of 3 M ammonium acetate (≥ 98.0% purity, 
Sigma-Aldrich) solution at 60 °C, under vigorous stirring for 
5 h. The ammoniated catalyst was then filtered and washed 
with doubly distilled water. Later, it was dried in an oven at 
100 °C for 12 h. The catalyst was again calcined at 600 °C 
for 4 h in a muffle furnace. The final catalyst was called as 
BC11.1. The catalyst BC5.7 was synthesized using the same 
procedure, however, the TEOS/beta ratio was set as 5.7 (wt/
wt). BC0.7 and BC27 were synthesized with 0.7 M and 0 M 
NaOH (no sodium hydroxide), respectively, keeping all the 
other variables as constant. BC48 was produced from the 
same method as that of BC27, however, in this case, the 
duration of the hydrothermal treatment was 48 h in contrast 
to 27 h used for all the other catalysts.
Catalyst characterization
Field emission scanning electron microscope (Mira 3 TES-
CAN) was used for the SEM images. The catalyst samples 
were sputtered with carbon before taking their micrograph. 
The BET surface areas, pore size distributions, and nitrogen 
adsorption–desorption isotherms at 77.3 K were measured 
using Micromeritics TriStar II-3020. The catalyst sam-
ples were degassed at 200 °C for 2 h under vacuum using 
Micromeritics Smart Prep (Programmable Degas System), 
before the analysis. PANanalytical Empyrean diffractometer 
(Cu-Kα X-ray radiations) with 0.013° step size and 8.67 s 
step time was used for small-angle XRD patterns of the 
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calcined catalysts. The 2θ range covered was 0.5°–4°. PANa-
lytical X’Pert diffractometer was used for wide-angle XRD 
that using the Ni-filtered Cu-Kα radiation (λ: 0.145 nm) and 
with the scanning step of 0.02° per step for the 2θ range of 
6°–90°. Infrared (IR) spectra of the catalysts were obtained 
using JASCO, FTIR-4100. In the FTIR analysis, pellets 
made out of 98% of KBr and 2% of catalyst sample were 
used. The 400–4000 cm−1 range was selected for the analy-
sis. Py-FTIR (Pyridine, ≥ 99.0%, Sigma-Aldrich) analysis 
was employed to observe the character of the acid sites. The 
same FTIR machine mentioned above was used for the Py-
FTIR and 1400–1700 cm−1 was set as the range of analysis.
Catalytic experiments
Catalytic hydrocracking of the model plastic mixture that 
consisted of 40 wt% HDPE (ρ = 0.952  g/cm3, Sigma-
Aldrich), 10 wt% LDPE (ρ = 0.918 g/cm3, MP = 100–125 °C, 
Sigma-Aldrich), 30 wt% PP (MW = 250,000  g/mol, 
ρ = 0.9 g/cm3), and 20 wt% PS (MW = 192,000 g/mol) was 
carried out for the evaluation of activity and selectivity of 
the synthesized catalysts. The experiments were performed 
in a 500 ml high pressure stirred autoclave reactor (Parr 
Instrument Co.). A schematic diagram of the reactor is 
shown in Fig. 1. The details of the experimental setup can 
be found in Munir [34].
10 g of plastic and 0.5 g of catalyst were loaded in the 
reactor vessel. The catalyst was dried previously in oven at 
130 °C for 30 min to remove the moisture contents. Initial 
 H2 pressure of 20 bar was then given to the reactor. The tem-
perature of the reactor was allowed to increase till it reached 
the reaction temperature. The temperature was raised at the 
rate of 4.6 °C/min. Residence time of 60 min was given at 
the reaction temperature. The reactor was then allowed to 
cool down to the room temperature. The gas release valve 
was crack-opened to collect the gaseous products. The 
reactor vessel was then removed and the liquid and solid 
products were collected. The products were mixed with 
n-heptane (≥ 99.0% purity, Sigma-Aldrich) and the yield of 
the n-heptane solubles was regarded as the oil yield. The 
n-heptane insolubles were then solubilized with tetrahy-
drofuran (≥ 99.0% purity, Sigma-Aldrich). The sum of the 
yields of the THF solubles and the n-heptane solubles was 
collectively called as liquid yield. The THF insoluble frac-
tion which might consist of spent catalyst, coke, and uncon-
verted plastic, if any, was dried in an oven and weighed. The 
conversion for the hydrocracking reaction was defined on 
the basis of this remaining solid. The yield of the gaseous 
product was obtained by weighing the reactor at the start 
(before pressurizing the reactor with hydrogen) and at the 
end of an experiment (after removing the gases). The term 
yield was defined as weight of a quantity to the 100 g of 
plastic feed fed to the reactor at the start of the experiment. 
The recovery was calculated as 100 minus the sum of the 
gas, liquid, and solid yields.
The oil fraction (n-heptane solubles) was additionally 
analyzed using GC-FID (Shimadzu GC-2014) equipped with 
30 m long and 0.25 mm inner diameter capillary column 
(Agilent DB-1MS). This was done to observe the yields of 
C5–C12 (gasoline), C13–C18 (diesel), and C19 + fractions.
Hydrocracking reactions with model plastic mixture were 
carried out at three temperatures, namely, 360 °C, 375 °C, 
and 400 °C. The reactions with HDPE (as it is more difficult 
to degrade compared to LDPE, PP, and PS) and actual waste 
plastic mixture and the reactions for testing the stability of 
the catalysts were performed at 400 °C. Actual waste HDPE 
was washed, cleaned, and dried shampoo bottles, LDPE was 
unused plastic bags used for the purpose of shopping, PP 
was unused food containers, and PS was unused tea cups.
Results and discussion
Characterization of catalysts
The SEM micrographs of the catalysts are shown in Fig. 2. 
The micrograph of the commercial beta zeolite (B300) 
shows ball-like distinct particles that illustrate the charac-
teristic crystals of zeolite beta [35, 36]. The BC11.1 cata-
lyst shows only a few discrete particles of zeolite beta along 
with large rough surface agglomerates of irregular shaped 
morphologies. These rough large agglomerates represent 
amorphous mesoporous portion. As this catalyst is prepared 
by the desilication of zeolite beta with 1.5 M NaOH solu-
tion, it seems that desilication has resulted in the destruc-
tion of the parent zeolite beta structure. The micrograph of Fig. 1  Experimental setup
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the BC5.7 catalyst displays morphology similar to that of 
the BC11.1 catalyst. However, here, compared to BC11.1, 
more regular shaped zeolite beta particles are present. This 
can be explained on the basis that lower TEOS/beta ratio 
was used in the preparation of BC5.7. The morphology of 
BC0.7 shows higher content of individual crystals of zeolite 
Fig. 2  SEM images of the 
zeolite beta composite catalysts: 
a B300, b BC11.1, c BC5.7, d 
BC0.7, e BC27, and f BC48
Materials for Renewable and Sustainable Energy (2020) 9:9 
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beta. The BC0.7 catalyst is desilicated with lower molar-
ity of NaOH solution as compared to BC11.1. The lower 
molarity of NaOH solution resulted in the formation of less 
distorted structures of zeolite beta. Along with zeolite beta 
particles, there are irregular shaped aggregates that represent 
amorphous mesoporous phase. More regular shaped discrete 
zeolite beta crystals are shown by BC27. As this catalyst was 
prepared in 0 M NaOH solution (in the absence of alkali 
treatment) and there was no desilication, hence no destruc-
tion of the zeolite structure is observed. Also, there are some 
irregularly shaped masses that represent mesoporous con-
tent. Compared to BC27, BC48 shows increased amounts 
of aggregated structures and higher mesoporous silica. 
Higher hydrothermal treatment time given to BC48 seems 
to increase the mesoporous portion to a considerable extent.
Figure 3 shows the  N2 adsorption–desorption isotherms 
of the catalysts. The commercial zeolite beta catalyst dis-
plays type I isotherm, that is a characteristic isotherm of the 
microporous zeolitic materials [37]. The isotherms of all 
the other beta modified catalysts such as BC11.1, BC5.7, 
BC0.7, BC27, and BC48 are similar to that of the parent 
beta catalyst in the region of lower relative pressure. All 
these catalysts are showing type IV isotherm with charac-
teristic H2 hysteresis loop [38]. The nature of the isotherms 
demonstrates the formation of the composite assembly [39] 
of these catalysts having micropores of zeolite beta present 
alongside mesoporous silica.
The pore size distribution of the catalysts is depicted in 
Fig. 4. It is observed that the BC11.1 catalyst is characterized 
by broad pore size distribution with most of the pore sizes 
of 3.62 nm, 4.15 nm, and 4.75 nm. On the other hand, the 
BC5.7 and BC0.7 catalysts show bimodal pore size distribu-
tion. The former with the lower TEOS/beta ratio has a sharp 
peak indexed at 3.62 nm and a small peak at 5.1 nm, whereas 
for the latter, most of the pore sizes are of 5.43 nm with a 
smaller peak indexed at 3.62 nm. BC27 has the majority of 
pore sizes of 3.63 nm and a few of 2.8 nm. With a decrease 
in molarity of NaOH solution, there is a trend towards more 
uniform pore size with bimodal pore size distributions. The 
catalyst prepared with 0 M NaOH solution (BC27) has the 
highest content of micropores along with the mesopores as 
compared to the other composite catalysts. In the desilicated 
composite catalysts, however, the parent zeolite beta has also 
developed some mesopores due to the surface defects cre-
ated by the extraction of silica from the structure. BC48 has 
a narrow pore size distribution with a sharp peak indexed 
at 3.65 nm and two smaller peaks at 2.65 nm and 5.19 nm. 
The pore size distribution of BC27 and BC48 are similar and 
both the catalysts have nearly the same distribution around 
2.65 nm and 3.65 nm. However, in the case of BC27, there 
is an increased amount of micropores, whereas BC48 has a 
significant quantity of mesopores. It is, therefore, revealed 
that an increase in hydrothermal treatment time has resulted 
in a decrease of micropore quantity and an increase in the 
amount of mesopores with larger pore size.
The structural properties of the catalysts from nitrogen 
physisorption are shown in Table 1. The highest surface 
area is found in BC27 that is followed by BC48. Both of 
these catalysts are composite catalysts of zeolite beta with-
out any desilication treatment. The surface area of all the 
desilicated catalysts (BC11.1, BC5.7, and BC0.7) is lower 
than that of the parent beta catalyst. Among the composite 
catalysts, the highest micropore volume is given by BC27 
followed by BC48. All these results strengthen the fact that 
the structure of zeolite beta in the desilicated composites is 
distorted, whereas in BC27 and BC48, the structure of zeo-
lite beta is intact in the final composite catalyst. Therefore, 
zeolite beta along with the mesoporous silica have coher-
ently contributed towards the increase in the surface area 
Fig. 3  N2 adsorption–desorption isotherms of the catalysts: a B300, b 
BC27, c BC48, d BC0.7, e BC11.1, and f BC5.7
Fig. 4  Pore size distribution of the catalysts
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of these catalysts. The highest BJH pore volume is found 
in BC48. This catalyst has found to contain the highest 
mesoporous content confirmed also by the other characteri-
zation techniques.
Figure 5 shows the small-angle X-ray analysis of the cat-
alysts. All the composite catalysts exhibit a well-resolved 
peak at 2θ value of around 0.78 (0.88 in the case of BC0.7) 
that corresponds to (100) reflection. A tiny peak is present in 
nearly all the catalysts at 2θ value of around 0.98 (relatively 
strong in BC27 and BC48 and weak in the other catalysts) 
that correspond to (110) reflection [40]. All the catalysts 
possess many small peaks at 2θ value of 1.10–2.90 which 
are not well resolved and difficult to differentiate. The results 
indicate the presence of mesostructure with low order [41, 
42] that might be attributed to higher pH of the hydrogel 
mixture before the hydrothermal treatment in the synthesis 
step. The pH of the mixture was maintained to a value of 4 
before the hydrothermal treatment to prevent the chances 
of aluminum leaching. Low-order structure could also be 
resulted from the co-existence of cubic and hexagonal meso-
structures in the catalysts.
The wide-angle X-ray diffractogram of the commercial 
zeolite beta shown in Fig. 6 presents well-resolved peaks 
that are characteristic features of a highly crystalline zeo-
lite beta. The diffractograms of the composite catalysts with 
desilication treatment (BC11.1, BC5.7, and BC0.7) indicate 
the destruction of highly crystalline structure of the zeo-
lite beta in these composites. As a result, these catalysts are 
showing the diffraction pattern similar to that of an amor-
phous catalyst. In other words, the zeolite beta structure is 
appeared to collapse significantly by the desilication and 
the resulting diffraction patterns of these catalysts are con-
tributed by the mesoporous silica content. The decrease in 
the crystallinity is also observed in the catalysts prepared 
without desilication due to the introduction of mesoporos-
ity and not due to the damage to the crystal structure of the 
catalysts by desilication. Among all the composite catalysts, 
Table 1  Structural properties of the zeolite beta composite catalysts
th is hydrothermal treatment time, Sg is surface area using BET method, Smi is micropore area obtained by t-plot, BJH Sg is BJH adsorption 
cumulative surface area of the pore between 17 Å and 3000 Å width, vmp is micropore volume obtained by t-plot, BJH vp is BJH adsorption 
cumulative volume of the pore between 17 Å and 3000 Å width, and BJH dp is BJH adsorption average pore diameter
Catalyst TEOS/B300 
(wt/wt)
th (h) NaOH 
molarity 
(M)
Sg  (m2/g) Smi  (m2/g) BJH Sg  (m2/g) vmp  (cm3/g) BJH vp  (cm3/g) BJH dp (nm)
B300 – – – 581.9 465.4 43.44 0.210 0.0465 3.23
BC11.1 11.1 27 1.5 408.40 43.01 165.4 0.0105 0.1999 6.49
BC5.7 5.7 27 1.5 475.5 51.79 192.2 0.01104 0.2389 6.50
BC0.7 11.1 27 0.7 399.1 11.35 185.5 0.00453 0.222 6.50
BC27 11.1 27 0 775.4 309.1 180.7 0.123 0.207 6.40
BC48 11.1 48 0 719.2 229.1 198.1 0.0856 0.249 6.48
Fig. 5  Small-angle XRD patterns of the catalysts: a BC11.1, b 
BC5.7, c BC48, d BC0.7, and e BC27
Fig. 6  Wide-angle XRD patterns of the catalysts: a B300, b BC27, c 
BC48, d BC5.7, e BC11.1, and f BC0.7
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BC27 is found to be the most crystalline catalyst. Increasing 
time of hydrothermal treatment results in the degradation of 
the crystalline structure of BC48 compared to BC27 indi-
cating the presence of better mesostructure in BC48. This 
fact is also confirmed by the results obtained with SEM and 
nitrogen physisorption.
Figure 7 shows the Py-FTIR spectra of the catalysts. 
All the catalysts except BC0.7 show an intensified band at 
1628 cm−1 that corresponds to pyridine association with 
strong Lewis acid sites [43, 44]. BC11.1, BC48, and BC27 
exhibit less intensified bands at 1545 cm−1 and 1485 cm−1 
that indicate the presence of Brønsted acid sites [43] and 
Lewis + Brønsted acid sites, respectively [40, 45]. The 
B300 and BC0.7 catalysts have a band at about 1540 cm−1 
assigned to Brønsted acid sites [43]. BC0.7 is found to con-
tain the lowest amount of acid sites. Out of all the catalysts, 
mesoporous composites BC48 and BC27 have shown to have 
the highest amount of acid sites more than B300.
The FTIR spectra of the catalysts representing the atomic 
level connections of the chemical bonds in the catalysts are 
shown in Fig. 8. A transmission band at 557 cm−1 exists 
in B300, BC48, and BC27 that corresponds to the vibra-
tional mode of a typical zeolite beta structure having 5 or 
6 membered rings of T–O–T in zeolites [36]. This band 
is almost absent in the other catalysts resulted from the 
desilication by NaOH solution suggesting damage to the 
zeolite beta crystalline structure to some extent. All the 
catalysts exhibit the transmission bands at 464 cm−1 and 
1045 cm−1 that are attributed to T–O bond stretching vibra-
tion and bending vibration, respectively [45]. Another sig-
nificant band is observed in all the catalysts at 800 cm−1 
that corresponds to T–O–T bond symmetric stretching [46]. 
The band at 950 cm−1 is assigned to the stretching vibration 
of Si–OH [47, 48]. There is a broad peak in each catalyst 
from 1034–1250 cm−1 that is assigned to the asymmetric 
stretching of Si–O–Si bond [20]. Furthermore, each catalyst 
exhibits a broad band at 3677 cm−1 which is attributed to the 
bond vibration of the terminal silanol group [40]. Another 
important band is also observed at 1663 cm−1 which indi-
cates –OH bond flexural vibration [46].
Catalytic hydrocracking performance 
of the catalysts
The results of the hydrocracking experiments with model 
plastic mixture, actual waste plastic mixture, and HDPE are 
discussed in the following sections. On average greater than 
95% (by weight), recovery was obtained. All the results of 
experimentation are tabulated in Table S1.
Reactions with model plastic mixture
Figure 9 shows the results of experimentation with model 
plastic mixture at three different temperatures (360 °C, 
375 °C, and 400 °C). It is observed that at the reaction tem-
perature of 360 °C, the lowest reaction temperature, BC48 
delivered the highest conversion with the highest liquid and 
oil yields, whereas BC27 closely followed it. Both BC27 and 
BC48 exhibited much better activity and selectivity towards 
Fig. 7  FTIR spectra of the pyridine adsorbed catalysts: a B300, b 
BC0.7, c BC27, d BC5.7, e BC11.1, and f BC48
Fig. 8  FTIR spectra of the catalysts: a B300, b BC11.1, c BC5.7, d 
BC48, e BC0.7, and f BC27
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the liquids in comparison to all the other catalysts employed 
in the study. Clearly, the commercial zeolite beta (B300), 
due to its microporous nature, has shown greatly reduced 
activity and selectivity towards the liquid. The two micro-
mesoporous composite catalysts, BC27 and BC48, were syn-
thesized without desilication of the parent zeolite. Alkali 
treatment perhaps damaged the crystal structure and aided in 
the loss of the activity, whereas no-desilication maintained 
the microporous crystallinity of the composite catalysts and 
resulted in improved performance of the catalysts. Moreo-
ver, increase in the hydrothermal treatment time resulted in 
higher mesoporous area of BC48 than that of BC27. The 
increased mesoporous area facilitated the improved diffusion 
of the initially cracked higher molecular weight polymeric 
fragments and the cracked liquid products through the pores 
of the catalysts. An enhanced activity and desired selectivity 
of BC48 catalyst over BC27 catalyst was, therefore, possible. 
Additionally, as observed in Table 1, both BC27 and BC48 
have the highest surface area, in fact, much larger than the 
surface area of all the other catalysts. Also, they have appre-
ciable surface due to both the micropores and the mesopores 
compared to rest of the catalysts where only one of the areas 
has significant value. As an example, for BC27, the total 
surface area is 775.4  m2/g and microporous and mesoporous 
surfaces are 309.1  m2/g and 180.7  m2/g, respectively. On the 
other hand, for B300, the total surface area is 508.1  m2/g, 
while the micro and meso surface areas are 465.4  m2/g and 
43.44  m2/g, respectively. For BC5.7 having 475.5  m2/g total 
surface area, micropore area is 51.79  m2/g and mesopore 
area is 192.2  m2/g. The presence and perhaps better distribu-
tion of both the micropores and mesopores seem the reason 
for the increased activity of the BC27 and BC48 catalysts.
At 375 °C, again the same two catalysts BC27 and BC48 
showed the increased conversion and liquid yield. However, 
at this temperature the parent B300 catalyst also showed 
improved performance, though, the catalyst produced the 
highest gas yield. High gas yields with B300 might be 
explained by its dominant microporous character. The desili-
cated catalysts still showed unsatisfactory performance. As 
mentioned before, this last result might be attributed to the 
structural damage to the parent zeolite in the desilicated cat-
alysts which is also evident from the characterization of the 
alkali-treated catalysts. The structural damage to the parent 
zeolite may suggest that the performance of the desilicated 
catalysts corresponds only to the mesoporous content of 
these catalysts.
At the reaction temperature of 400 °C, the parent zeolite 
beta (B300), BC27, and BC48 have shown similar activi-
ties. However, BC27 and BC48 catalysts produced the high-
est amount of liquids whereas B300 provided higher gas 
yields. Moreover, the desilicated catalysts maintained their 
poor performance with respect to both the activity and the 
liquid selectivity.
The results of gas chromatography of the oil fractions 
obtained at three reaction temperatures are shown in Fig. 10. 
It is found that at each temperature, the B300 catalyst 
showed increased selectivity for the gasoline product. It may 
correspond to the micropores present in B300 that allowed 
low molecular weight molecules of gasoline range to leave in 
the gas phase relatively easily. The BC27 and BC48 catalysts 
also produced increased gasoline content. Gasoline fraction 
Fig. 9  Results of the catalytic hydroconversion reactions of model 
plastic mixture over different catalysts. 500  ml autoclave reactor, 
20 bar initial cold hydrogen pressure, 60 min residence time, and 20:1 
feed-to-catalyst ratio (by weight)
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of these two catalysts is close to that obtained with B300, at 
the higher reaction temperatures of 375 °C and 400 °C. With 
increase in reaction temperature, the light diesel component 
over BC27 and the heavy diesel component over BC48 were 
converted into gasoline. Increase in reaction temperature 
might have resulted in the breakdown of heavy molecular 
chains of light and heavy diesel components. Generally, all 
the desilicated catalysts produced much lower gasoline frac-
tion but greater diesel fractions than that of B300, BC27, 
and BC48.
Reactions with actual waste plastic mixture
Both BC48 and BC27 catalysts were found the most active 
and selective catalysts in the hydrocracking experiments 
with model plastic mixture. These two catalysts were, there-
fore, further exploited to study their cracking performance 
with actual waste plastic mixture. The experiments were 
carried out under the reaction conditions of 400 °C, 20 bar 
initial cold  H2 pressure, 60 min reaction time, and 20:1 (by 
weight) feed-to-catalyst ratio.
The results of experimentation with waste plastic mix-
ture and their comparison with model plastic mixture (and 
HDPE) are shown in Fig. 11. It is found that both BC27 
and BC48 provided nearly the same conversion. However, 
BC27 showed a slightly improved performance with respect 
to liquid and gas yields. It is observed that the conversion 
of BC27 and BC48 was only slightly decreased when waste 
plastic mixture was employed compared to when experi-
ments were conducted with HDPE or model plastic mixture. 
However, a slight improvement in the liquid yield with cor-
responding decreased amounts of gases is observed with 
actual waste plastic mixture. These results show that the 
two catalysts are appropriate in handling the waste plastic 
material. The performance of the catalysts may also be dedi-
cated to the presence of hydrogen which, in the presence of 
a catalyst, can carry out hydrotreating of the impurities [17] 
that may hinder the performance of the catalysts.
The gas chromatography results (Fig. 12) show that gaso-
line yield is somewhat decreased with waste plastic mixture in 
comparison to model plastic mixture. Comparing BC27 and 
BC48, BC27 has shown better gasoline and diesel yields with 
the actual waste plastic mixture. Higher gasoline content of 
Fig. 10  Results of GC analysis of the n-heptane soluble liquids 
obtained by the catalytic hydroconversion of model plastic mixture 
over different catalysts. 500 ml autoclave reactor, 20 bar initial cold 
hydrogen pressure, 60 min residence time, and 20:1 feed-to-catalyst 
ratio (by weight)
Fig. 11  Results of the catalytic hydroconversion reactions of indi-
cated plastic materials over BC27 and BC48 catalysts. 500 ml auto-
clave reactor, 20 bar initial cold hydrogen pressure, 60 min residence 
time, and 20:1 feed-to-catalyst ratio (by weight)
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64.3 wt% is produced by BC27, while BC28 yields 59.7 wt% 
gasoline.
Hydrocracking reactions with HDPE
Hydrocracking reactions with HDPE over BC27 and BC48 
under reaction conditions of 400 °C, 20 bar cold  H2 pressure, 
60 min reaction time, and 20:1 (by weight) feed-to-catalyst 
ratio are shown in Fig. 11. The results revealed that both cata-
lysts again yielded nearly similar conversion of about 100% 
and again BC27 showed slightly improved performance with 
regard to gas and liquid yields. The higher liquid yield of 
58.8 wt% and the lowest gas yield of 33.2% were produced 
by the BC27 catalyst. It is found that both catalysts for the 
reactions of HDPE yielded nearly the same conversion, but 
lower amount of liquid yield, and significantly higher gas yield 
compared to their corresponding reactions with model plastic 
mixture. This is reasonable and can be explained on the basis 
that the model plastic mixture contains significant amounts 
of PS, PP, and LDPE which are expected to produce higher 
liquid products [5]. Moreover, the interaction among the vari-
ous plastics can result in the formation of higher liquid content 
obtained by the hydrocracking of model plastic mixture [49].
The GC analysis of n-heptane solubles for BC27 shows 
that the amount of gasoline obtained with HDPE is reduced 
to 57.8% in comparison to 70.53% with model plastic mix-
ture, correspondingly higher yields of light diesel and heavy 
diesel are obtained with HDPE.
Stability study of the catalysts 
with and without regenerating the catalysts
Hydrocracking reactions with  coked (dried spent) cata-
lysts The stability of the catalysts was analyzed using the 
spent (coked) catalysts for the hydrocracking reactions with 
model plastic mixture. The spent catalyst was obtained from 
an earlier experiment with model plastic mixture using 
500 ml autoclave, 60 min of residence time, 400 °C of reac-
tion temperature, and 20 bar initial cold hydrogen pressure. 
The spent catalyst was subjected to drying in an oven for 
30 min at 120 °C. The dried spent catalyst was mixed with 
the fresh catalyst in 1:1 ratio by weight to compensate the 
loss of the used catalyst and to maintain the same feed-to-
catalyst ratio. The spent catalyst was then employed for the 
cracking reaction with model plastic mixture under the same 
reaction conditions as discussed above for the case of an 
earlier reaction. The results obtained are shown in Fig. 13.
It is found that BC27 and BC48 produced significantly 
lower conversions in the stability runs as compared to their 
reactions over the fresh catalysts. Also, the liquid yield 
and the gas yield obtained over both the coked catalysts is 
lower to that obtained with the fresh catalyst. Among the 
two catalysts, BC27 produced higher conversion, 72.2wt%, 
and higher liquid yield, 59.9wt% suggesting BC48 was 
more prone to coking. A catalyst with higher mesoporosity 
(BC48) allows the greater production of heavier compounds 
thus might result in increased coke formation.
The gas chromatography analysis of n-heptane soluble 
liquids from the stability reactions is displayed in Fig. 14. 
When compared to the reactions over fresh catalysts, it is 
found that the spent catalysts are less selective towards gaso-
line than their corresponding fresh catalysts. Comparing the 
BC27 and BC48 catalysts, it is observed that BC27 produced 
higher gasoline content of 41.6% than that of BC48, which 
is more selective towards heavy diesel.
Hydrocracking reactions with regenerated (calcined spent) 
catalysts The stability of the catalysts was further analyzed 
using regenerated catalysts with model plastic mixture. The 
spent catalysts were calcined in air to remove the carbo-
Fig. 12  Results of GC analysis of the n-heptane soluble liquids 
obtained by the catalytic hydroconversion of indicated plastic materi-
als over BC27 and BC48. 500 ml autoclave reactor, 20 bar initial cold 
hydrogen pressure, 60 min residence time, and 20:1 feed-to-catalyst 
ratio (by weight)
Fig. 13  Results of the stability test of BC27 and BC48 catalysts for 
the catalytic hydroconversion reaction of model plastic mixture. 
500  ml autoclave reactor, 20  bar initial cold hydrogen pressure, 
60 min residence time, and 20:1 feed-to-catalyst ratio (by weight)
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naceous deposits from their surface. Each of the calcined 
spent catalysts was mixed with equal amount by weight of 
the corresponding fresh catalyst and the experiments were 
performed under the same reaction conditions as discussed 
above. The results of the hydrocracking reactions over the 
regenerated catalysts are shown in Fig. 13. Generally, both 
the catalysts yielded comparable conversion and the product 
yields to that of the fresh catalysts. The regenerated BC48 
catalyst produced relatively higher gas yield and lower liq-
uid yield than its corresponding fresh catalyst. The reason 
might be assigned to the increase in active sites of the cata-
lysts due to calcination that decomposed the coke depos-
ited on the active sites. Also, some sintering of the particles 
might occur reducing the average pore size of the catalysts 
thereby generating increased amounts of gases with reduced 
quantities of liquids.
The gas chromatography of the n-heptane solubles 
revealed that the regenerated catalysts yielded rather 
decreased amount of gasoline compared to the fresh cata-
lysts. However, they provided significantly improved amount 
of gasoline compared to the coked catalysts. Coked catalysts 
provided significantly increased amount of heavier liquids.
Conclusion
The results of the catalyst characterization confirmed the 
formation of micro-mesoporous composite materials. The 
catalysts (BC11.1, BC5.7, and BC0.7) prepared by the 
desilication of the parent zeolite beta performed poorly in 
the hydrocracking reactions. On the other hand, the cata-
lysts (BC48 and BC27) prepared without alkali pretreat-
ment resulted in significantly greater liquid yields, lower gas 
yields, and higher plastic conversions. For the two catalysts, 
the GC analyses of the n-heptane solubles also showed the 
enhanced selectivity towards gasoline. Comparing BC48 and 
BC27, it is observed that overall BC48 performed better 
than BC27 as it produced more liquid yield and higher con-
version, especially at reduced temperatures. GC analysis of 
n-heptane soluble also showed increased selectivity of BC48 
over BC27 towards gasoline. The appropriate distribution of 
micropores and mesopores in the former might be the reason 
behind its better action.
Additional experiments with actual waste plastic mixture 
showed the comparable performance of these catalysts with 
the model plastic mixture. With high-density polyethylene, 
however, lower liquid yields and higher gas yields were 
obtained. When tested for the stability of the catalysts, coked 
catalysts yielded far less conversion and were selective in 
producing heavier liquid fractions, whereas regenerated (by 
calcination in air) catalysts showed comparable results to the 
fresh catalysts apart from giving somewhat reduced amount 
of gasoline.
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